Leaf senescence is a very important trait that limits yield and biomass accumulation of agronomic crops and reduces post-harvest performance and the nutritional value of horticultural crops. Significant advance in physiological and molecular understanding of leaf senescence has made it possible to devise ways of manipulating leaf senescence for agricultural improvement. There are three major strategies in this regard: (i) plant hormone biology-based leaf senescence manipulation technology, the senescence-specific gene promoter-directed IPT system in particular; (ii) leaf senescence-specific transcription factor biology-based technology; and (iii) translation initiation factor biologybased technology. Among the first strategy, the P SAG12 -IPT autoregulatory senescence inhibition system has been widely explored and successfully used in a variety of plant species for manipulating senescence. The vast majority of the related research articles (more than 2000) showed that crops harbouring the autoregulatory system displayed a significant delay in leaf senescence without any abnormalities in growth and development, a marked increase in grain yield and biomass, dramatic improvement in horticultural performance, and/or enhanced tolerance to drought stress. This technology is approaching commercialization. The transcription factor biology-based and translation initiation factor biology-based technologies have also been shown to be very promising and have great potentials for manipulating leaf senescence in crops. Finally, it is speculated that technologies based on the molecular understanding of nutrient recycling during leaf senescence are highly desirable and are expected to be developed in future translational leaf senescence research.
Introduction
Leaves are the important organ where CO 2 is fixed to produce carbohydrates via photosynthesis. Leaf senescence represents a unique developmental process that is characterized by differential gene expression, active degeneration of cellular structures, and recycling of nutrients. During the senescence of plant organs, macromolecules such as proteins, lipids, and nucleic acids are degraded, and nutrients released from the catabolism of these macromolecules as well as other nutrients are recycled to actively growing regions such as new buds, young leaves, and developing fruits and seeds or to be stored in trunks for the next growing season. As an evolutionary fitness, stress-induced leaf senescence contributes to plant survival under unfavourable environmental conditions (Munné-Bosch and Alegre, 2004) . Premature senescence of photosynthetic organs under these circumstances, on the other hand, caused a loss of productivity due to a decrease in assimilatory capacity (Egli, 2004) . While premature senescence caused significant yield loss (Pleijel et al., 1997; Li et al., 2006) , stay-green mutants/lines of a variety of crop species showed an increased yield (reviewed in Gregersen et al., 2013) . A retrospective analysis of over 50 years of hybrid maize data in the USA revealed that the late onset of leaf senescence contributed to significant increases in maize yields (Duvick, 1984) . A similar analysis of nearly 30 years of maize hybrid yields in Ontario, Canada, also reached the same conclusion (Tollenaar, 1991) . In addition to its negative effect on agronomical yield/productivity at harvest, the occurrence of senescence on vegetable crops and ornamental plants after harvest reduces the quality of the crops during storage, transportation, and on the shelves; many nutrients such as vitamin C in senescing leaves are degraded.
Because of the significance in an agricultural setting, much effort and significant progress have been made toward the physiological and molecular understanding of leaf senescence as presented in other review articles of this special issue. These have led to various strategies for manipulating leaf senescence (Gan and Hörtensteiner, 2013; Gepstein and Glick, 2013; Gregersen et al., 2013) . Physiologically, it is well known that the initiation and progression of plant senescence can be induced by changing the external and internal factors that control senescence. Environmental factors such as drought, heat, nutrient stresses, shade/darkness, and pathogen infection can all induce senescence (He and Gan, 2003; Guo and Gan, 2012) . Internal factors regulating senescence include age, developmental processes such as reproductive growth, and levels of plant hormones/growth regulators (Gan, 2003; Jibran et al., 2013) . Manipulation of many of these factors can thus alter the progression of plant senescence. As an artificial way of suppressing reproductive growth, the surgical removal of inflorescences can delay leaf senescence. Widely used in prolonging the storage and shelf-life of many foliar vegetables and fruits, low temperature reduces metabolic rate and thus delays senescence (Noodén, 1988) . The foliar application of nitrogen and phosphorus slows down the senescence of wheat plants (Benbella and Paulsen, 1998a) . The plant hormones ethylene, abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), auxin, and brassinosteroids (BR) are believed to be inducers/promoters while cytokinins and polyamines are antagonists of senescence (Gan, 2003; Jibran et al., 2013) . The exogenous application of cytokinins such as dihydrozeatin and benzyladenine was able effectively to delay the senescence of freshly harvested vegetables (Clarke et al., 1994) and flowers (Taverner et al., 1999) . Antagonists of ethylene action such as Ag + and 1-MCP are commonly used in post-harvest storage to delay the senescence of vegetables, flowers, and fruits (Blankenship and Dole, 2003) . At the molecular level, leaf senescence is accompanied and most likely driven by the expression of a subset of genes called senescence-associated genes (SAGs) (Gan and Amasino, 1997) , particularly those encoding key regulators such as transcription factors and translation elongation factors, which has led to the development of molecular genetic strategies for manipulating senescence in plants. This review summarizes the current progress of researches that translate basic research findings into practical applications for enhancing the productivity and quality of crops and/or prolonging the shelf life of horticulture products, with an emphasis on molecular genetic approaches.
These include (i) manipulation of plant senescence via changing the levels of endogenous hormones in transgenic plants, i.e. plant hormone biology-based technology; (ii) manipulation of the expression of key senescence-regulating transcription factors or transcription factor biology-based technology; and (iii) manipulation of a translation initiation factor that is required for plant senescence or translation initiation factor biology-based technology (Guo and Gan, 2007; Gepstein and Glick, 2013) .
Plant hormone biology-based strategy for manipulating leaf senescence: the P SAG -IPT autoregulatory senescence inhibition system Plant senescence could be delayed by either suppressing senescence-promoting hormones such as ethylene or overproducing senescence-inhibiting cytokinins (Gan, 2003; Jibran et al., 2013) . Suppressed expression of two genes encoding for ethylene biosynthetic enzymes, ACC synthase (Oeller et al., 1991) and ACC oxidase (John et al., 1995; Aida et al., 1998) , led to significantly reduced ethylene production and extended longevity of leaves and fruits in transgenic tomato (Oeller et al., 1991; John et al., 1995) and delayed flower senescence in torenia (Aida et al., 1998) . Two recent publications reported manipulation of flower senescence in horticultural crops through changing the expression of genes regulating the biosynthesis of ABA (Chang et al., 2014) and gibberellins (Lü et al., 2014) . Overproduction of cytokinins by expressing a foreign gene encoding a cytokinins-synthesizing enzyme, isopentenyl transferase (IPT), has been a predominant approach to inhibiting senescence in transgenic plants (Gan and Amasino, 1996; Li et al., 2000; Guo and Gan, 2007) .
Development of the P SAG -IPT autoregulatory cytokinin production system
Cytokinins are a class of plant hormones implicated in almost all stages of plant growth and development, ranging from seed germination to floral induction to senescence (Brault and Maldiney, 1999) . The role of cytokinins in preventing plant senescence was first observed through the external application of kinetin on detached cocklebur leaves (Richmond and Lang, 1957) . There is an inverse correlation between cytokinin levels and the progression of senescence (Van Styaden et al., 1988) . The regulatory role of cytokinins in plant senescence is further supported by delayed senescence of transgenic plants expressing the cytokinin-biosynthesizing enzyme, IPT (Gan and Amasino, 1996) .
IPT is an enzyme that catalyses the first committed and rate-limiting step of cytokinin biosynthesis, condensation of dimethylallylpyrophosphate (DMAPP) and 5′-AMP to isopentenyladenosine (iPA) 5′-phosphate (Barry et al., 1984; Gan and Amasino, 1996) . A bacterial version of the IPT gene was able to increase cytokinin levels in transgenic plants of tobacco, tomato, potato, Arabidopsis, cucumber, and soybean (Gan and Amasino, 1996) , lettuce (Kunkel et al., 1999) , cauliflower (Nguyen et al., 1998) , and peach (Hammerschlag and Smigocki, 1998) .
Expression of the IPT gene driven by constitutive promoters, including native IPT promoter (Beinsberger et al., 1991; Ooms et al., 1991; Yusibov et al., 1991; Zhang et al., 1995; Alekseeva et al., 2000) and the strong cauliflower mosaic virus (CaMV) 35S promoter (Smigocki and Owens, 1988; Faiss et al., 1997; Lee et al., 1999) , led to the overproduction of cytokinins which caused the inhibition of root formation with problems in the regeneration of transgenic plants. Inducible and tissue-specific promoters have been used to generate relatively normal-looking plants with a higher potential for agricultural application. However, there were still other phenotypes associated with these transgenic plants including a stunted stature, shortened internodes, small leaves, less-developed root systems, reduced apical dominance, and increased stem diameter (Schmulling et al., 1999) , which might have resulted from 'leaky' expression from the promoters used (Medford et al., 1989) . These abnormalities can be avoided by, for example, the use of promoters of the senescence-associated gene (P SAG ) to target IPT expression in senescing tissues precisely.
SAG12 is a highly senescence-specific gene that was first identified in Arabidopsis by Gan in the Amasino Laboratory (Lohman et al., 1994; Gan, 1995) ; and its orthologues in Brassica napus were also revealed using low stringency hybridization at the same time (Gan, 1995) . SAG12 encodes a vacuolar cysteine proteinase. The SAG12 promoter (P SAG12 ) was fused to IPT to form an autoregulatory senescence inhibition system (Gan and Amasino, 1995) . As shown in Fig. 1A , at the onset of leaf senescence, the senescence-specific promoter activates the expression of IPT, resulting in an increase in the cytokinin levels which, in turn, prevents the leaf from senescing. The inhibition of leaf senescence will render the senescence-specific SAG12 promoter inactive to prevent cytokinins from accumulating to very high levels which could interfere with other aspects of plant development. In other words, the P SAG12 -IPT autoregulatory senescence inhibition system targets IPT expression spatially (in senescing cells), temporally (at the onset of senescence), and quantitatively (the cytokinin levels are kept at such minimal concentrations capable of inhibiting senescence). As such, overproduction of cytokinins prior to the onset of senescence will be avoided. As a proof of principle, this autoregulatory cytokinin production system was first introduced into tobacco plants. Leaf senescence in transgenic tobacco plants was efficiently retarded without any other developmental abnormalities (Fig. 1B, C) (Gan and Amasino, 1995) . The delayed senescence phenotype in tobacco plants has also been observed by other scientists (Gan and Amasino, 1995; Wingler et al., 1998; Jordi et al., 1999 Jordi et al., , 2000 Ludewig and Sonnewald, 2000; Soejima, 2000; Dertinger et al., 2003; Cowan et al., 2005) . In addition to the significantly delayed leaf senescence phenotype, the transgenic tobacco plants had a longer lifespan: whole plants of the wild type (WT) were senescent 20 weeks after transplanting while the transgenic plants were still producing flowers. The transgenic plants produced 80% more flowers than the WT (Gan and Amasino, 1995) . The extended/prolonged period of photosynthetic activity in leaves of transgenic plants led to a more than 40% increase in both seed yield and biomass accumulation (Gan and Amasino, 1995) . Further, senescence in harvested leaves of the transgenic tobacco plants was also remarkably delayed (Gan and Amasino, 1995) . The transgenic tobacco plants were also serendipitously observed to be tolerant to drought stress (S-S Gan and RM Amasino, unpublished data).
Use of the P SAG12 -IPT to manipulate senescence in crops
Because the autoregulatory senescence inhibition system described above does not cause any noticeable effect on other aspects of growth and development in transgenic tobacco and Arabidopsis plants, it was soon applied to many other plant species, including some important agronomic and horticultural crops. Among them are rice (Hildebrand et al., 1998; Rubia et al., 1999; Cao, 2001; Lin et al., 2002; Xu et al., 2010a) , wheat (Xi et al., 2004; Xia et al., 2006; Bu et al., 2007; Sykorova et al., 2008) , maize (Young et al., 2004) , tomato (Swartzberg et al., 2006 (Swartzberg et al., , 2011 , cotton (Li et al., 2004a) , sugarcane-grass (Weng et al., 2002) , tomato (Zhang et al., 1999) , cassava (Zhang and Gruissem, 2005; Zhang et al., 2010) , broccoli (Chen et al., 2001; Gapper et al., 2002) , lettuce (McCabe et al., 1998 (McCabe et al., , 2001 , cauliflower (Nguyen et al., 1998) , Chinese cabbage (Yuan et al., 2002) , Brassica napus (Luo et al., 2002; Zhang et al., 2005b) , cherry tomato (Zhang et al., 2005c) , ramie (Fu et al., 2009a, b) , petunia (Jandrew and Clark, 2001; Chang et al., 2003; Clark et al., 2004) , potted rose (Zakizadeh et al., 2013) , Begonia semperflorens (Zhang and Bao, 2012) , creeping bentgrass (Agrostis stolonifera L.) (Merewitz et al., 2011a (Merewitz et al., , 2012 Xu et al., 2010b) , Chrysanthemum (Zheng et al., 2005) , Pelargonium (Garcia-Sogo et al., 2012) , gerbera (Lai et al., 2007) , Peaonia lactiflora (Zhao et al., 2009) , Zyosia sinica (Zhang et al., 2005a) , ornamental tobacco Nicotiana alata (Schroeder and Stimart, 1998; Schroeder et al., 2001) , alfalfa (Calderini et al., 2007) , and Arabidopsis (Gan, 1995; Zhang et al., 2000; Huynh et al., 2005; ) .
Promoters from senescence-associated genes other than SAG12 have also been used in a way similar to the P SAG12 -IPT autoregulatory cytokinin production system in transgenic crop plants. Transgenic maize (Robson et al., 2004; Young et al., 2004) and ryegrass (Li et al., 2004b) have been generated with the IPT gene driven by the promoter of a maize senescence-enhanced cysteine-protease gene, SEE1. The promoter of another leaf senescence-associated gene isolated from bean, the Senescence Associated Receptor Protein Kinase (SARK) promoter (Hajouj et al., 2000) has been used in driving IPT expression in tobacco (Rivero et al., 2009 (Rivero et al., , 2010 , rice (Peleg et al., 2011) , and cotton (Kuppu et al., 2013) . In addition, the promoters of other SAGs such as Ghcysp from cotton , AGPase S1 from tomato (Luo et al., 2005) , SAG13 from Arabidopsis (Swartzberg et al., 2006) , and SAG39 from rice (Liu et al., 2010) have also been used to direct IPT expression in transgenic plants.
Molecular and physiological characteristics of the P SAG -IPT plants
Firstly, the transgenic plants contained very low levels of IPT transcripts and endogenous cytokinins. Because of the autoregulatory nature of the chimeric gene, and perhaps because very low amount of cytokinins can readily inhibit senescence, expression of the foreign IPT in plants is of very low abundance and has been difficult to detect (Jandrew and Clark, 2001; Chang et al., 2003; Calderini et al., 2007; Pant et al., 2009) . Consistent with the very low levels of IPT expression, endogenous cytokinin levels in SAG-IPT transgenic plants were only moderately elevated and, in some cases, the increases were not detectable (McCabe et al., 2001; Lin et al., 2002; Luo et al., 2005) . Unlike wild-type plants where the cytokinin levels dropped with the progression of leaf senescence, the P SAG -IPT plants showed an increase in cytokinin levels in old leaves with retarded senescence (Jordi et al., 2000; Yuan et al., 2002; Chang et al., 2003; Xu et al., 2010a) .
Secondly, a significant delay in leaf senescence without any developmental and/or morphological abnormality is the most striking phenotype of the transgenic plants harbouring the P SAG -IPT chimeric genes. The number of senescent leaves in the transgenic plants was 2-8-fold fewer compared with wild-type plants of the same age (McCabe et al., 2001; Schroeder et al., 2001; Yuan et al., 2002; Zhang and Gruissem, 2005) . The chlorophyll content of old leaves from transgenic plants was much higher than that of the control plants (Table 1; Fig. 2 ). The ratio of chlorophyll a to chlorophyll b was higher in old leaves of transgenic ornamental tobacco (N. alata) plants than in the control leaves of wildtype plants (Schroeder et al., 2001; Fu et al., 2009b) .
However, it should be pointed out that, in contrast to the above reports, there have been observations that the chlorophyll contents of young leaves in the P SAG12 -IPT transgenic plants were slightly lower than those in corresponding leaves of the wild-type plants (Jordi et al., 2000; McCabe et al., 2001) . This probably resulted from limited nutrient supplies. Under nutrient stress, old leaves of the WT will undergo senescence and the nutrients released from the old leaves will be remobilized to actively growing young leaves. By contrast, senescence in old leaves of transgenic plants is retarded and no nutrients (especially N) will be recycled to the young leaves. If the plants are supplied with enough nutrients, the slightly lower chlorophyll concentration should not occur.
Thirdly, old leaves of P SAG -IPT plants contained high concentrations of total soluble proteins (Wingler et al., 1998; Jordi et al., 2000; McCabe et al., 2001; Dertinger et al., 2003; Wang and Liang, 2004; Garratt et al., 2005; Zhang and Gruissem, 2005; Zhang et al., 2005a; Lai et al., 2007) and high levels of photosynthetic enzymes such as ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) (Jordi et al., 2000; McCabe et al., 2001; Zhang and Gruissem, 2005) and hydroxypyruvate reductase (HPR) (Wingler et al., 1998) . Most importantly, leaves with retarded senescence of the P SAG -IPT transgenics remained photosynthetically active (Gan and Amasino, 1995; Wingler et al., 1998; Jordi et al., 2000; Cao, 2001; Bu et al., 2007; Fu et al., 2009b; Zhang et al., 2005a Zhang et al., , 2010 Xu et al., 2010a) . These leaves produced more carbohydrates (Gan and Amasino, 1995; Wingler et al., 1998; Cao, 2001; Peleg et al., 2011) and accumulated more N than the controls (Jordi et al., 2000) .
Fourthly, the P SAG -IPT plants appeared to be more tolerant to environmental stresses. In fact, many of the above mentioned stay-green phenotypes were observed under stress conditions such as drought (Lai et al., 2007; Merewitz et al., 2011a) , flooding (Huynh et al., 2005) , cold (Khodakovskaya et al., 2005; Chen et al., 2006) , heat (Xu et al., 2010b) , darkness (Khodakovskaya et al., 2005; Luo et al., 2005; GarciaSogo et al., 2012; Zakizadeh et al., 2013) , and low nitrogen (Sykorova et al., 2008) (Table 1) . Senescence can be induced by many types of environmental stresses and biological insults. Many stress-related genes are expressed even during natural senescence. A recent transcriptomic study indicated that gene expression profiles of developmental and stressinduced senescence differ significantly during the early senescence stages but share considerable similarities during its later stages, suggesting that senescence processes induced by (Yuan et al., 2002) . (C) WT and transgenic (left) potted rose (Zakizadeh et al., 2013) . (D) WT (middle) and transgenic Zoysia sinica plants (Zhang et al., 2005a) . (E) WT and transgenic (left) petunia (Clark et al., 2004) . (F) WT and transgenic (left) alfalfa plants (Calderini et al., 2007) . (G) WT and transgenic (left) cassava plants (Zhang et al., 2010) . (H) WT and transgenic (left) creeping bentgrass plants (Xu et al., 2010b) . (I) WT and transgenic (left) Pelargonium plants ( García-Sogo et al., 2012) . (J) Detached leaves of WT and transgenic (left) tomato (Luo et al., 2005) . (K) WT and transgenic (left) Arabidopsis plants (Gan, 2005) . (L) WT (Pot 1 from left), transgenic rice plants (Pots 2, 4, and 6), and their nulls (Pots 3, 5, and 7) (Peleg et al., 2011) . (M) WT and transgenic (left 2) broccoli (Liu et al., 2011) . different signals/treatments share common execution events even though the different signals might act through distinct signal transduction pathways (Guo and Gan, 2012) . The SAG12 and other senescence-inducible promoters can be activated once the 'senescence syndrome' is initiated through stress-induced signalling pathways. The P SAG -IPT systems could then be activated to delay stress-induced senescence and may increase stress tolerance in the transgenic plants. One general consequence of many stresses is the increased accumulation of reactive oxygen species (ROS); ROS can induce or accelerate plant senescence (Polle and Rennenberg, 1993) . The extent of the degenerative effects of ROS depends on the effectiveness of the antioxidative system of the plant cells, including low molecular weight antioxidants and enzymatic defence (Mittler, 2002) . More accumulation of malondialdehyde (MDA) or thiobarbituric acid reactive substances (TBARS) that that are indicative of the level of lipid peroxidation (Wang and Liang, 2004; Zhang et al., 2005b; Lai et al., 2007; Xu et al., 2010a; Merewitz et al., 2011a) , higher concentration of the antioxidants ascorbate and glutathione, and/or higher activities of antioxidative enzymes including ascorbate peroxidase (APX), glutathione reductase (GR), and superoxide dismutase (SOD) have been observed in transgenic plants harbouring the P SAG -IPT autoregulated IPT expression system (Dertinger et al., 2003; Wang and Liang, 2004; Lai et al., 2007; Xu et al., 2010a; Liu et al., 2011; Merewitz et al., 2011b; Zhang and Bao, 2012) . Whether lower levels of ROS in P SAG -IPT plants are the cause or the consequences of delayed leaf senescence remains to be elucidated.
Agronomic characteristics of the P SAG -IPT plants: increased yield and biomass
Because leaves with delayed senescence stayed photosynthetically active (Gan and Amasino, 1995; Wingler et al., 1998; Jordi et al., 2000; Cao, 2001; Zhang et al., 2005a Zhang et al., , 2010 Bu et al., 2007; Fu et al., 2009b; Xu et al., 2010a) and because the flowering period was extended (Gan and Amasino, 1996; Zhang et al., 2000) , transgenic tobacco plants containing P SAG -IPT were shown to set more seeds and accumulate more biomass than the WT (Table 2 ). In the P SAG12 -IPT transgenic rice plants, flag leaves retained chlorophyll and photosynthetic activity longer than in non-transgenic control plants (Cao, 2001; Lin et al., 2002) . The flag leaves are the uppermost leaves on the stem that contribute most to rice seed filling. The P SAG12 -IPT rice plants showed improved agronomic traits including increased total grains per hill (Cao, 2001; Lin et al., 2002) , seed setting rate (Cao, 2001; Lin et al., 2002) , and 1000-grain weight (Cao, 2001) . Under field conditions, grain yield of T 2 transgenic rice increased by 8% compared with the WT (Lin et al., 2002) . In another study, when the SARK promoter was used to direct IPT expression in transgenic rice, the P SARK -IPT plants showed significantly higher grain yield under water stress (Peleg et al., 2011) . With significantly delayed leaf senescence, the increase in grain yield in transgenic P SAG12 -IPT Brassica napus lines ranged from 6.4-32.9% (Luo et al., 2002) .
The autoregulated IPT expression system also increases the yield of crops that are not grown for harvesting seeds. For example, as a leaf-harvesting crop, tobacco plants transformed with P SAG12 -IPT accumulated 80% more dry matter in leaves 7-9 (Jordi et al., 2000) . Stress-induced premature leaf senescence is one of the major factors that limits cotton productivity (Zhao et al., 2012) . High salt tolerance and a significant yield increase in cotton lint have been observed in transgenic cotton plants harbouring the chimeric gene P Ghcysp -IPT . Leaf senescence of P SAG12 -IPT tomato plants was delayed for a week, which resulted in more fruit setting and a 20% increase in yield (Feng et al., 2003) . Peanut is another fruit-harvesting crop except that its fruits are harvested from below ground. Multi-year field studies showed that, under water-limiting conditions, transgenic P SARK -IPT Feng et al. (2003) * Estimated from bar graphs.
peanut plants had a 58% increase in peanut fruit yield (Qin et al., 2011) . The above-mentioned increase of peanut yield, however, was not observed when the P SARK -IPT plants were grown in well-watered fields (Qin et al., 2011) . In several other cases, transgenic wheat (Sykorova et al., 2008) and cassava (Zhang et al., 2010) plants harbouring the P SAG -IPT system showed delayed leaf senescence but no increase in yield was observed. It is known that nutrient remobilization from senescing leaves to sink tissues including fruits and storage organs may contribute to crop yield. Over-prolonged leaf longevity may prevent effective nutrient recycling and a good balance between delayed leaf senescence and nutrient translocation to sink tissues is probably needed for increasing yield in crops.
Improved horticultural performance of the P SAG -IPT plants
The P SAG -IPT autoregulated cytokinin production system can improve the performance of some special horticultural crops. Turf quality under drought stress was significantly improved in P SAG12 -IPT creeping bentgrass plants compared with the WT (Merewitz et al., 2011b) . Potted rose plants (Zakizadeh et al., 2013) and Pelargonium (Garcia-Sogo et al., 2012) containing the P SAG -IPT system also showed better horticultural performance due to delayed leaf senescence.
Because SAG12 is expressed not only in senescing leaves but also in senescing stems, floral sepals, and petals (Gan, 1995) , the P SAG12 -IPT autoregulatory senescence inhibition system operates in those organs as well. Not only has the flowering period been prolonged in P SAG12 -IPT transgenic tobacco plants (so that more flowers were produced as discussed above), but also the longevity (from petal opening to senescence) of individual flowers was extended by more than 50% from the 3 d in the WT to at least 4.5 d in transgenic plants (Gan and Amasino, 1996) . The delay in floral senescence was also apparent by the fact that there were more nonsenescent flowers on the floral stalks in transgenic plants than on the corresponding stalks of the WT; there was no difference observed in the rate of flower production between these plants (Gan, 1995) . In another study, the floral longevity of ornamental tobacco plants (N. alata) containing P SAG12 -IPT increased 29% compared with the WT (Schroeder et al., 2001) . In P SAG12 -IPT transgenic petunia, the IPT transcript abundance and levels of cytokinins concurrently increased in the corolla after pollination and floral senescence was delayed for 6-10 d compared with the WT (Chang et al., 2003) .
Post-harvest senescence contributes much to the loss of vegetable crops (especially perishable produce) during transportation, storage, and on-shelf. The P SAG12 -IPT system has been used to manipulate senescence in such vegetable crops as lettuce (Garratt et al., 2005; McCabe et al., 1998 McCabe et al., , 2001 , broccoli (Chen et al., 2001; Gapper et al., 2002; Liu et al., 2011; Liu et al., 2013) , cauliflower (Nguyen et al., 1998) , bok choy (Yuan et al., 2002) , and tomato (Zhang et al., 1999) . After 4 d of post-harvest storage at 25 °C, 31% of the P SAG12 -IPT broccoli plants showed more than 50% chlorophyll retention in detached leaves, 16% of them had the same effect on florets and 7.2% of the transformants showed significantly delayed senescence on both leaves and florets (Fig. 2M) (Chen et al., 2001) . The retardation of senescence was correlated with the abundance of the IPT transcript (Chen et al., 2001) . Harvested P SAG12 -IPT lettuce heads stored for 7 d retained their chlorophyll while the basal leaves of control plants became yellow ( Fig. 2A) (McCabe et al., 2001; Garratt et al., 2005) . Leaves of wild-type bok choy became yellow 3 d after detachment. By contrast, there were no visible sign of yellowing in leaves of the P SAG12 -IPT bok choy plants until 10 d after detachment (Fig. 2B) (Yuan et al., 2002) .
Transcription factor biology-based strategy for manipulating leaf senescence Leaf senescence is most likely driven by the activation of a subset of genes called SAGs that account for 10% of the genes encoded by a plant genome (He et al., 2001; Guo et al., 2004) . The activation of these SAGs is achieved by transcription factors that bind to specific regulatory sequences of SAGs to cause RNA polymersase II to transcribe the genes. A change in expression of a gene encoding a key transcription factor may affect the expression of hundreds of genes in plant senescence (Guo, 2013) . It is therefore possible to alter the leaf senescence progression by manipulating only one or a few senescence-specific transcription factor genes.
A number of transcription factor genes have been shown to play a regulatory role in senescence. AtNAP is a NAC family gene showing senescence-specific expression. Knockout mutation of AtNAP delayed leaf senescence for up to 10 d, and the delay in leaf senescence appeared to be inversely correlated with the AtNAP transcript levels: the lower the levels of the transcripts, the more days of delay in leaf senescence (Guo and Gan, 2006) . This AtNAP transcript 'dose'-dependent delay in leaf senescence suggests that leaf senescence in crops may be manipulated by modulating or selecting transgenic plants with different abundance of the NAP transcripts. Furthermore, inducible overexpression of this gene caused precocious senescence in Arabidopsis (Guo and Gan, 2006) , suggesting that it is possible to synchronize leaf senescence by using inducible promoter systems in crops such as cotton to facilitate the mechanical harvest of cotton balls. ANAC092/AtNAC2/ORE1 is another NAC family member that functions to promote leaf senescence (Kim et al., 2009) . 170 genes have been identified to be induced and 48 genes to be down-regulated by ANAC092 (Balazadeh et al., 2010) . WRKY53 is also a senescence-promoting transcription factor which has been suggested to play a regulatory role in the early events of senescence (Hinderhofer and Zentgraf, 2001; Miao et al., 2004) .
The AtNAP-based technology for manipulating leaf senescence in crops has been well developed (Guo and Gan, 2006, 2012) , which is to identify and then to suppress the expression of the NAP homologous gene in a specific crop using, for example, RNA interference technology. Various AtNAP homologous genes have so far been identified in a variety of plant species including rice, maize, wheat, soybean, kidney bean, peach, tomato, petunia, potato, poplar, Festuca arundinacea, and bamboo (Guo and Gan, 2006; Uauy et al., 2006; Guo et al., 2010; Chen et al., 2011; Tang et al., 2012; . Like Arabidopsis NAP, the homologues of rice, kidney bean (Guo and Gan, 2006) , bamboo , Festuca arundinacea (Guo et al., 2010) , and morning glory (Ipomoea nil) (Shinozaki et al., 2014) have been shown to be expressed in senescing leaves but not in non-senescing ones and, more importantly, the homologues function as Arabidopsis NAP because they complemented the Arabidopsis nap null mutants (Guo and Gan, 2006; Guo et al., 2010; Chen et al., 2011) , suggesting a regulatory role of theses AtNAP homologues in leaf senescence. Using the chimeric repressor silencing technology (CRES-T) (Hiratsu et al., 2003) , dominant loss-of-function phenotypes of transgenic rice plants expressing a chimeric rice NAP (OsNAP) repressor were analysed and the OsNAP-repressed plants displayed a delayed leaf senescence phenotype (Tang et al., 2012) . Further analysis on agronomic traits of one of the best OsNAP-repressed transgenic lines showed a 24% increase in rice grain yield per plant compared with the WT. This may be a result of a 11% increase in the number of grains per plant, a 10% increase in 1000 grain weight, and a 6% increase in spikelet fertility rate (Tang et al., 2012) . Similarly, expression of the maize homologue gene of AtNAP, ZmNAP, was suppressed through RNA silencing. The transgenic plants showed delayed leaf senescence and the stay-green phenotype is stronger in transgenic plants that have less ZmNAP expression . Most importantly, compared with the WT, a 15-30% increase in 1000 grain weight was observed in ZmNAP-silenced maize plants . The story in another major grain crop, wheat, is a little different. RNAi silencing of three NAP homologues in hexaploid wheat flag leaves caused a 24 d delay in the senescence of flag leaves (Uauy et al., 2006) . The drastic delay of senescence in wheat, however did not lead to any increase in yield. By contrast, the RNAi plants showed a reduction in grain protein, zinc, and iron content by more than 30%, indicating a decreased translocation of nutrients from leaves (Uauy et al., 2006) . Nutrient remobilization from senescing leaves makes significant contributions to grain yield and quality, so an extended delay of leaf senescence is therefore not desirable either.
In addition to leaf senescence, AtNAP also regulates the senescence of Arabidopsis fruits (Kou et al., 2012) . It is thus expected that, by manipulating the NAP homologous gene in individual fruit plant species, one can prolong the post-harvest longevity of fruits during transportation, storage, and/ or on-shelf.
Translation initiation factor biology-based strategy for manipulating leaf senescence
In addition to transcription, plant senescence is also regulated at the level of translational and post-translational modifications of proteins. Translation inhibitors inhibit senescence (Gan and Amasino, 1997) . One of the eukaryotic translation initiation factors, eIF-5A, has been shown to be involved in programmed cell death associated with plant senescence, including leaf senescence (Wang et al., 2003; Duguay et al., 2007) and post-harvest softening and senescence of fruits . The mechanisms of the regulation of plant senescence by eIF-5A is not clear but it has been suggested that this translation initiation factor acts as a nucleocytoplasmic transporter, translocating newly synthesized senescence-associated mRNAs from the nucleus to the cytoplasm for subsequent translation (Thompson et al., 2004) . The activity of eIF-5A needs the post-translational modification of a specific lysine residue to form hypusine, the first step of which is catalysed by deoxyhypusine synthase (DHS) (Thompson et al., 2004) . Both eIF-5A and DHS are up-regulated during senescence (Thompson et al., 2004) . Antisense suppression of DHS delayed senescence in Arabidopsis leaves (Wang et al., 2003) and in carnation petals (Hopkins et al., 2007) .
DHS and different isoforms of eIF-5A have been isolated from a variety of plant species (Hopkins et al., 2007) . Tomato DHS protein levels were suppressed in transgenic plants via constitutive expression of an antisense sequence of a 3′-untranslated region of the tomato DHS gene . No discernible differences in phenotype between WT and DHS antisense plants was observed during growth and development except that one of the transgenic lines was male sterile. Fruits from the transgenic plants ripened normally but exhibited delayed post-harvest softening and senescence compared with WT fruits. The delayed fruit senescence phenotype was correlated with a reduced level of the DHS protein . The delayed post-harvest senescence phenotype in fruits from antisense DHS plants was further supported by the facts that the polygalacturonase activities were lower and the onset of electrolyte leakage was delayed in the transgenic fruit compared with the WT .
Closing remarks
The ultimate goals of studying plant senescence are not only to understand the complex processes but, more importantly, to translate basic findings to senescence-manipulating technologies for agricultural improvement. As discussed above, current molecular genetic approaches that have been developed and used in delaying senescence are primarily based on three aspects of senescence regulatory mechanisms: hormone biology, transcription factor biology, and translation initiation factor biology. Among these, the hormone biology-based manipulation of leaf senescence, particularly the autoregulatory cytokinin production system using promoters of senescence-specific genes such as SAG12 to direct IPT (P SAG12 -IPT) has been most widely sought and used in practical applications and is approaching commercialization. Senescence-manipulating technologies involving some key senescence-specific transcription factors such as NAP and the translation initiation factor eIF-5A, have been shown to be very promising and have great potential for commercialization.
It is expected that with much progress in unravelling the molecular mechanisms underlying leaf senescence yet to be made, more sophisticated and efficient strategies for manipulating leaf senescence will be developed. One of the most important aspects of leaf senescence is the remobilization or recycling of nutrients released from senescing cells to actively growing organs such as developing fruits and seeds, and sometimes in stalks and trunks. In cereal crops, up to 95% of the nitrogen in grains is indeed supplied from existing proteins in leaves that are broken down during senescence (Taylor et al., 2010) . It is highly desirable to transport as much nutrient as possible from senescing leaves and/or stalks to kernels in maize. Currently, the nutrient recycling mechanisms during leaf senescence are largely unknown. Molecular genetic analysis of leaf senescence has revealed many SAGs that encode various nutrient transporters (Guo and Gan, 2004, 2012) . Functional characterization of these transporter genes will help us to understand the nutrient recycling processes which will lead to the rational design of means by which nutrition recycling can be enhanced for grains with higher yield and better quality nutrition. Master regulators of nutrient remobilization such as the wheat NAP homologues (Uauy et al., 2006) could be the first targets of genetic manipulation aimed at the maximum translocation of nutrients from senescing leaves to grains or other plant organs for harvest.
